Aims. This study was designed to examine the viability of protonated nitrogensubstituted polycyclic aromatic hydrocarbons (H + PANHs) as candidates for the carriers of the diffuse interstellar bands (DIBs).
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are believed to be widely distributed throughout the interstellar medium (ISM) in both the gas and solid phases (Tielens, 2008; Salama, 2008) . The observation of two sets of unidentified spectral features, the diffuse interstellar bands (DIBs) and the unidentified infrared bands (UIRs), is routinely attributed to the presence of PAHs (in absorption and emission, respectively).
The DIBs -weak unidentified absorption features in the near ultraviolet (UV), visible, and near infrared (IR) region of the electromagnetic spectrum -were first observed in the 1920s (Heger, 1922; Merrill, 1934) . These bands are observed on lines of sight containing sufficiently high column densities, such as those traversing diffuse interstellar clouds. Additionally, the UIR emission features at 3. 3, 6.2, 7.7, 8.6, and 11.3 µm, first observed in the 1970s (e.g. Gillett et al., 1973) , are observed in the IR spectra of almost all objects. Although no individual carrier molecule has been identified with certainty, the group of polyaromatic hydrocarbons (PAHs) is believed to contribute to these bands (e.g. Allamandola et al., 1989; Salama et al., 1996 , and references therein). The development of the so-called "PAH hypothesis", which holds PAHs responsible for the UIRs (Leger & Puget, 1984) due to UV-pumped IR fluorescence, was very quickly followed by an hypothesis suggesting that ionised PAHs were likely carriers of the DIBs (Leger & D'Hendecourt, 1985; van der Zwet & Allamandola, 1985) .
Both experimental and theoretical studies support the identification of PAHs, and more specifically, PAH cations, as the carriers of the DIBs and UIRs (e.g. Bréchignac & Pino, 1999; Salama et al., 1999; Mattioda et al., 2005; Pathak & Sarre, 2008; Garkusha et al., 2011; Gredel et al., 2011) . Models have shown that UV pumping (e.g. Schutte et al., 1993) , or even NIR absorption (in areas of low UV flux Mattioda et al. (2008) ), can drive MIR emission from PAHs, effectively linking DIBs with UIRs. One of the remaining points of debate is the nature of the PAH cations: whether they are radical cations (PAH + ) or protonated species (H + PAH). Radical cations have been shown experimentally to be highly reactive and thus will react readily with hydrogen to form protonated species (Snow et al., 1998) ; PAHs are, however, stripped of H atoms by interaction with photons (Tielens, 2008) .
More recent IR studies have suggested that the sub-group of nitrogen-substituted PAHs, or PANHs, exhibit spectral features similar to those of PAHs, and may also contribute to unidentified spectral bands Bernstein et al., 2005; Mattioda et al., 2008; Alvaro Galué et al., 2010) . One study in particular illustrates the importance of PANHs in photon-dominated regions (PDRs), as the spectra of PANH cations were not merely useful, but required, to fit the 6.2 and 11 µm emission features observed towards NGC 7023 (Boersma et al., 2013) . This is not an unexpected result, as the abundance of N relative to C in the ISM is ∼ 0.25 (Spitzer, 1978) and thus PANHs are likely relatively abundant interstellar species. Additionally, Hudgins et al. (2005) conclude that the substitution of N in PAHs could account for the variations observed in the peak position of the 6.2 µm UIR. These spectroscopic studies in the IR have strengthened the case for the presence of charged PANHs in the ISM and their contribution to the UIRs, but very few studies have been made of the electronic spectra of gas phase PANH cations for comparison with the DIBs (Dryza et al., 2012) .
PANHs have a high proton affinity, so it is highly likely that protonated PANHs exist in the ISM, particularly in ionised environments. It has been illustrated that, for a small sample of PANH molecules, the IR spectra of protonated PANH cations (H + PANH) better reproduce the 6.2 and 8.6 µm UIRs than the spectra of ionised PANH radical cations (PANH + ) (Alvaro Galué et al., 2010) . However, to date no studies have determined the electronic spectra of H + PANH for comparison with the DIBs.
In this study, we provide the electronic spectra of gas phase protonated cations acri- We show that these protonated molecules present vibrationally resolved electronic states in the visible or near UV spectral region where DIBs are observed.
Methods

Experimental methods
The electronic spectra of the protonated aromatic PANH were obtained via parent ion photo-fragment spectroscopy in a cryogenically-cooled quadrupole ion trap (Paul Trap from Jordan TOF Products, Inc.) (Alata et al., 2013) . The setup is similar to the one developed in several groups based on the original design by Wang & Wang (2008) .
The protonated ions are produced in an electrospray ionisation source built at Aarhus University (Anderson et al., 2004) . At the exit of the capillary, ions are trapped in an octopole trap for 90 ms. They are extracted by applying a negative pulse of ca. The photo-dissociation laser is an optical parametric oscillator (OPO) laser, which has a 10 Hz repetition rate, 10 ns pulse width, a resolution of ∼ 8 cm −1 and a scanning step of 0.02 nm (laser from EKSPLA uab). The laser is shaped to a 1 mm 2 spot to fit the entrance hole of the trap and the laser power is around 20 mW in the UV spectral region. After laser excitation, the ions are stored in the trap for a delay that can be varied between 20
and 90 ms before extraction into the 1.5 m time-of flight mass spectrometer. The full mass spectrum is recorded on a micro channel plates (MCP) detector with a digitising storage oscilloscope interfaced to a PC. The photofragmentation yield detected on each fragment is normalised to the parent ion signal and the laser power.
Calculations
Ab initio calculations were performed with the TURBOMOLE programme package (Ahlrichs et al., 1989) , making use of the resolution-of-the-identity (RI) approximation for the evaluation of the electron-repulsion integrals (Hattig, 2003) . The equilibrium geometries of the protonated species in their electronic ground states (S 0 ) were determined at the MP2 (Møller-Plesset second order perturbation theory) level. Adiabatic excitation energies of the lowest electronic excited singlet states (S 1 ) were determined at the RI-ADC(2)(second order Algebraic Diagrammatic Construction level (Schirmer, 1982) ). Calculations were performed with the correlation-consistent polarised valence double-zeta (cc-pVDZ) basis set and ν 18 at 587 cm −1 . These vibrational modes are illustrated schematically above the experimental spectrum, with arrows representing the direction and relative magnitude of the displacement of each atom. The intensities of the out of plane modes ν 1 and ν 3 are overestimated in the simulation. (Woon & Dunning, 1993) . The vibrations in the ground and excited states were calculated for protonated acridine and phenanthridine and the electronic spectra simulated using the PGOPHER software (Western, 2014) for Franck Condon analysis.
Results and discussion
Protonated acridine
The protonated acridine photofragmentation spectrum is presented in Fig. 1a . The first electronic transition shows clear vibrational progressions in the visible starting at 442.24 nm (22612 cm −1 / 2.80 eV) and extending to ∼ 400 nm, this absorption region being in agreement with the absorption recorded in water solution at low pH (Ryan et al., 1997) . These progressions involve the 383 cm −1 vibrational mode starting from the 0-0 transition (ν 0 ), and a symmetric mode at 587 cm −1 (ν 18 ). The vibronic bands are narrow, with a FWHM of 10 ± 1 cm −1 that represents the convolution of the laser band width (∼ 8 cm −1 ) with a low temperature rotational contour i.e. the apparent line broadening due to the fact that the spacing between rotational lines is narrow compared to the laser width. The spectrum was simulated (see Fig. 1b ) using the ground and excited state frequencies calculated and the PGOPHER software for Franck Condon analysis (Western, 2014) . The agreement between the experimental and simulated spectra is quite good for the band positions, and allows assignment of the main vibrational progressions to the symmetric breathing mode ν 10 (contraction/elongation of the rings along the long axis) alone or in combination with another symmetric mode ν 18 (elongation of the center ring along the short axis with contraction of the outer rings). The scheme of the vibrations is shown at the top of Fig. 1 . Two out of plane modes are weakly active in the experimental spectrum and overestimated in the simulation: ν 1 is the butterfly mode and ν 3 mostly an out of plane motion of the N10-H and C9-H atoms (seesawing motion).
Protonated phenanthridine
The protonated phenanthridine photofragmentation spectrum (presented in the upper panel of Fig. 2 ) shows clear vibrational progressions in the near UV spectral region, with a first transition at 397.28 nm (25171 cm −1 / 3.12 eV). This transition is blue shifted by 2500 cm −1 compared to the AcH + transition. Vibrational progressions on a mode of (see Appendix C). As for AcH + , the main fragmentation channels correspond to loss of H, 2H/H 2 and H + HCN/H + HNC (see mass spectrum in Appendix B).
Ground and first excited state calculations performed for the isomer protonated on the nitrogen atom show that PhH + stays planar in both states (see Appendix A). As for AcH + , this isomer is by far the most stable, the calculated ground state energies of the isomers protonated on carbon atoms (DFT/ B3LYP/ cc-pVDZ) all lie more than 1.6 eV higher than the isomer protonated on N. The first excited state is a ππ* state calculated vertically at 3.45 eV and optimisation leads to an adiabatic transition at 3.22 eV, in agreement with the experiment (3.12 ev).
Three-ringed protonated PANHs
For both protonated acridine and phenanthridine, the proton is located on the nitrogen atom, as shown by the excellent agreement between experiments and calculations: the calculated excited state transitions are within 0.2 eV from the experimental band origins and the spectra simulated with the calculated frequencies reproduce well the experimental References.
(1) Lambert et al. (1984) ; (2) progressions. Protonated acridine and phenanthridine are planar in the ground and excited states, which was not the case for protonated anthracene and phenanthrene (Alata et al., 2010b) . The line widths are narrow (taking into account the laser bandwidth), indicating long lived excited states.
These two protonated PANHs absorb in the visible or near UV spectral region, this absorption region being in agreement with the absorption recorded in water solution at low pH (Ryan et al., 1997) . This is the same absorption region as previously recorded for protonated PAHs with two to six aromatic rings, protonated naphthalene (Alata et al., 2010a) , anthracene (Alata et al., 2010b; Garkusha et al., 2011) , phenanthrene (Alata, 2012; Garkusha et al., 2011) , fluorine , tetracene (Alata et al., 2010b) , pyrene (Alata, 2012; Garkusha et al., 2011; Hardy et al., 2013) and coronene (Garkusha et al., 2011; Rice et al., 2014) .
Protonation of aromatic heterocycles shifts the absorption spectra to lower energy, but to a smaller extent than for the fully carbonated analogues: for example acridineH + is red shifted by 0.4 eV from acridine, while anthraceneH + is red shifted by 0.9 eV from neutral anthracene (see Table 1 ). This results in a blue shift of the transition of protonated acridine and phenanthridine compared to protonated anthracene and phenanthrene. The reverse was observed in the case of radical cations: ionised quinoline and isoquinoline have their transitions red shifted compared to ionised naphthalene (Dryza et al., 2012) .
Astrophysical Implications
In this study we have reported the electronic spectra for two protonated three-ringed PANH cations, derived both experimentally and theoretically. These are the first such experimental spectra, and allow us to draw several astrophysically-relevant conclusions for H + PANH ions. Protonated PAHs have been suggested to be among the potential candidates for diffuse interstellar band (DIB) carriers (Salama et al., 1996; Le Page et al., 1997; Snow et al., 1998; Pathak & Sarre, 2008; Hammonds et al., 2009 ) and this study was designed to determine if protonated PANHs could be DIBs carriers by comparing the laboratory gas phase absorptions at low temperature to astronomical data (Hobbs et al., 2008 (Hobbs et al., , 2009 ).
The first important conclusion is that H + PANH ions represent good candidates for the source of the DIBs. The substitution of a N atom into the H + PAH skeleton introduces a blue shift in the UV-visible electronic spectrum, resulting in bands at higher energies than those observed for H + PAHs. It has previously been shown that both N-substitution and protonation of PAHs (Alvaro Galué et al., 2010) (Tan & Salama, 2005) and are likely to be major contributors to the weak DIBs.
The first electronic transition that we observe in the spectrum of protonated acridine is centred at 4422.4Å and has a bandwidth-corrected FWHM of < 15Å. The strongest broad DIB is centred at 4428.2Å and has a FWHM of 22.50Å (Hobbs et al., 2008; Jenniskens & Desert, 1994) . The AcH + band is shifted by ∼ 6Å compared to this unusually broad DIB, and thus we conclude that it is not responsible for the interstellar feature. The other strong bands in the AcH + spectrum do not match known DIBs either (see Table 2 ). Moreover, the poor correlation between DIBs precludes the contribution of molecular systems with high vibrational activity to these bands. Although the protonated
PANHs studied here present fewer active modes than their fully carbonated analogues, they do show vibrational progressions. The same behaviour seems to exist in small PANH radical cations, which present long vibrational progressions in the visible (Dryza et al., 2012) .
Nonetheless, the progressions that we observe in our small H + PANHs would likely become less pronounced in larger species as they derive from vibrational modes which would be damped by the larger aromatic structure. Additionally, PANHs bend less than the corresponding PAHs, therefore there is more chance of observing isolated bands. Protonation of the studied PANHs occurs preferentially on the N atom, and both species contain N substituted in the PAH exoskeleton. The most favourable protonation orientation was thus However, as discussed above, it is important to remember that small H + PAH and H + PANH molecules will not be stable in interstellar environments such as PDRs or diffuse HI clouds, and these experiments must be extended to species with larger skeletons.
Previous studies suggest that the 6.2 µm band is best reproduced by PAHs with 60 -90 C atoms (Schutte et al., 1993) and with 2 -3 N atoms . Such species may be photostable and their electronic transitions should be more to the red, where there is a larger number of DIBs. As mentioned in § 1, the interstellar abundance of N is ∼ 0.25 that of C (Spitzer, 1978) . Thus, from a purely statistical point of view, all PAHs large enough to be stable in the ISM (approximately > 50 C) should contain more than ∼ 10 N atoms. Any deviation from these statistical abundances therefore reveals evidence of selectivity in the formation routes to such species. Hudgins et al. (2005) conclude that "most"
PAH species contributing to the UIR features contain nitrogen atoms, with an estimated > 1.2 % of interstellar N contained in PANHs. When compared to the fraction of elemental C locked up in PAHs (approximately 3.5 % (Tielens, 2008) ), the relative abundance of N appears slightly more than that expected from the statistical N:C ratio, but this could be due to the difference in derivation methods for PAH and PANH abundances.
On the basis of the results of IR and UV-visible (this work) studies into PANHs, it is clear that such species are good candidates for inclusion in the "PAH hypothesis". Although the spectra of the small H + PANHs studied in this work do not, themselves, correspond to observed DIBs, this preliminary study points to the need for further examination of this class of molecular ion. In particular, the effects of larger PANHs, substitution of larger numbers of N (or other heteroatoms), and endoskeletal heteroatom substitution on the UV-visible and IR spectra of protonated PANH molecules should be investigated. 
